In recent years, the quantification of T cell responses to pathogens or immunogens has become a common tool in the evaluation of disease pathogenesis or vaccine immunogenicity. Such measurements are usually limited to enumerating IFN-␥-producing cells after ex vivo stimulation with Ag, but little is known about the phenotype or complete functional repertoire of the Ag-specific cells. We used 12-color flow cytometry to characterize Ag-specific T cells elicited by vaccines or natural infection to determine lineage and differentiation status as well as the capacity to produce four cytokines (IFN-␥, TNF-␣, IL-2, and IL-4) and a chemokine (MIP1␤). As expected, responding cells had a typical memory phenotype; however, the cytokine profiles associated with the responses were highly complex. The pattern of cytokine coexpression in response to specific Ags was a skewed subset of the complete repertoire (revealed by polyclonal stimulation). We found significant differences in the patterns of cytokines elicited by vaccination (where IFN-␥ was by far a subdominant response) vs natural infection; in addition, there was fairly significant intersubject variation. Our findings illustrate the limitation of the evaluation of immune responses using single functional measurements (such as IFN-␥); in fact, it is likely that sensitive evaluation of Ag-specific T cells will require the coordinate measurement of several cytokines. The presence and variability of these complex response profiles introduce the possibility that selective functional expression patterns may provide correlates for vaccine efficacy or disease progression. The Journal of Immunology, 2004, 173: 5372-5280.
F ull evaluation of a vaccine regimen can take 10 -15 years, including safety, dosing, and large scale efficacy trials. Because such a timescale is incompatible with rapid development of new regimens and immunogens, the paradigm of vaccine development has shifted focus to the characterization of ex vivo cellular immune responses in addition to in vivo humoral responses during the early (safety and dose escalation) clinical trial phases. This process has become important during the early stages of vaccine development to identify candidate vaccines that are likely to prove beneficial in longer term efficacy trials; furthermore, to optimize vaccine regimens, it is paramount to detect immunogen responses with the greatest sensitivity possible.
Many new vaccine development efforts now focus on T cells as well as Ab responses. Characterizing the quality of these responses, for example, Th1 vs Th2, or central vs effector memory, may become important as we begin to understand the range of different possible responses (1) .
The last 5 years has seen an explosion in the ability to identify, characterize, and quantify Ag-specific T cells. Two commonly used assays for this purpose are the ELISPOT assay (2, 3) and the flow cytometric-based intracellular cytokine staining assay (4, 5) . To date, both of these assays have relied nearly exclusively on the quantification of the number of T cells that produce the effector cytokine IFN-␥ in response to in vitro stimulation with immunogen. The immunogen may be either the holo-Ag (e.g., tetanus toxoid) or pools of peptides that span the entire protein.
Peptide pools have become the most commonly used in vitro stimulus for several reasons. First, the responsiveness of the T cells is nearly as great in cryopreserved samples as it is in fresh blood. This is not the case for Ags requiring processing, because Ag processing cell function is significantly lost upon cryopreservation. Second, both CD4 and CD8 T cells can be stimulated, which is not the case for assays (such as class I MHC tetramers) that interrogate only CD8 T cells (6) . Finally, the assay is independent of the MHC haplotype of the subject and of the potential haplotype-specific immunodominance that may steer responses to peptides other than commonly used immunodominant peptides used for the construction of class I or class II MHC tetramers.
We hypothesized that the breadth of T cell responses functionally is far greater than represented by the prototypical effector cytokine, IFN-␥. To test this, we studied the immune responses to immunization with two well-established licensed vaccines, hepatitis B virus (HBV) 5 and tetanus. We compared this to the responses induced by a candidate HIV vaccine and to the responses induced by natural infection with HBV and HIV. In particular, we analyzed the breadth of the immune response as measured by a number of different cytokines in addition to IFN-␥; additionally, we characterized the type and number of responding CD4 and CD8 T cells on a weekly basis after immunization. Our results show that examination of only one cytokine alone (such as IFN-␥) is not sufficient to identify the extent of the immune response. In fact, for HBV, the dominant response among CD4 T cells consisted of cells making IL-2 and not IFN-␥. Examination of five cytokines simultaneously reveals functionally complex responses. We conclude that the most sensitive and complete description of immunization responses requires the quantification of several cytokines, a process that will be critical to the evaluation and discrimination of different vaccine regimens.
Materials and Methods

Subjects
Secondary immunization for HBV and tetanus. The portion of the study examining secondary immune responses to HBV and tetanus was initiated to evaluate the variation in immune function in relation to menstrual cycles; therefore, only menstruating women were enrolled in this part of the study (7) . Subjects were required to have been immunized against HBV and/or tetanus at least 2 years before the start of the study. Seven subjects started the study on the same day; three received a booster immunization for HBV, and four received a booster immunization for tetanus. Blood was drawn at the University of California-Davis at baseline and twice weekly for the next 3 months. PBMC were isolated by Ficoll density centrifugation and frozen. Additional blood was drawn at baseline and 3 and 12 wk and was shipped to the National Institutes of Health for analysis without cryopreservation. Two additional subjects, both boosted for tetanus, started the study 3 wk after the first group began; the fresh blood samples for these subjects were excluded from analysis because, for unknown reasons, they exhibited very high background. Subject 2 was withdrawn after the 3 wk point due to protocol violation (the subject left the area and was unavailable for weekly blood draws). Primary immunization for HBV. Subjects completing the primary immunization series for HBV were recruited from the Employee Health Clinic at the National Institutes of Health, and blood was drawn at the clinical office for the Vaccine Research Center at the National Institutes of Health. Blood was drawn within the first week after the 6 mo immunization and also between 2 and 3 wk after immunization. PBMC were isolated by Ficoll centrifugation and analyzed without freezing. Primary immunization for HIV. Frozen PBMC from subjects receiving the Vaccine Research Center VRC004 DNA HIV vaccine were analyzed. The vaccine contained DNA for clade B gag/pol/nef and clades A, B, and C envelope. The vaccine was administered at 0, 1, and 2 mo. PBMC were drawn at 0, 2, 6, 8, 10, and 12 wk, but not all time points were available for all subjects. The multicolor FACS studies reported in this study were ancillary studies performed on extra thawed PBMC that were not used for the primary end-point analyses. The samples were analyzed before unblinding, and the subjects shown in this study are four individuals who had detectable responses. HBV infection. Frozen PBMC samples from subjects with chronic HBV infection who were enrolled in National Institute of Allergy and Infectious Diseases studies were analyzed. These subjects had high HBV viral loads (at least 1 million copies/ml, by the COBAS Amplicor HBV Monitor Test version 2.0) despite at least 1 year of treatment with lamivudine. Five of the 11 subjects tested were coinfected with HIV. Of the three subjects who had detectable responses to surface or core peptides, two were coinfected with HIV. HIV-1 infection. Frozen PBMC samples from subjects chronically infected with HIV-1 who volunteered to take part in an HIV pathogenesis study at the Vaccine Research Center at the National Institutes of Health were used. Data for each of the five individuals in Fig. 6 are shown in different colors. CD4 count (cells per microliter), HIV-1 viral load (copies per milliliter), and antiretroviral treatment (ART) status for these five individuals are as follows: red, 490, Ͻ500, on ART; dark blue, 1273, 1310, treatment naive; light blue, 233, Ͻ500, on ART; green, 62, 465,000, on ART; purple, 305, 221,000, off ART. These studies were approved by the institutional review boards at University of California-Davis and/or at the National Institutes of Health/National Institute of Allergy and Infectious Diseases.
In vitro stimulation
Secondary immunization for HBV and tetanus. For the whole blood samples shipped to the National Institutes of Health from University of California-Davis, PBMC were isolated and were placed immediately into culture. Cells were cultured in 96-well, V-bottom plates at a density of 1 million cells/200 l well. For each subject at each time point, cells were divided and stimulated either with tetanus toxoid (10 g/ml for all fresh PBMC analyses (List Biological Laboratories, Campbell, CA); 20 g/ml for all frozen PBMC analyses (University of Massachusetts Biologic Laboratories, Jamaica Plain, MA)), a pool of hepatitis peptides, staphylococcus enterotoxin B (SEB; 1 g/ml; Sigma-Aldrich, St. Louis, MO), or costimulation alone. Costimulation consisted of anti-CD28 and anti-CD49d (BD Pharmingen, La Jolla, CA), both at 1 g/ml, and was included in all the stimulations. Monensin (2 M; BD Pharmingen) was also included in all stimulations. The HBV peptide pool consisted of 22 peptides of 20 aa overlapping by 10 made from the HBV surface Ag (final concentration for each peptide, 4 g/ml). Depending on the number of cells available, between 3 and 6 million cells were cultured for each stimulation condition for a total of 6 h. For previously frozen PBMC, cells were thawed into medium containing DNase (20 g/ml; Sigma-Aldrich), washed, and placed into culture overnight. Cells were then stimulated as described above. Primary immunization for HBV. These samples were processed similarly to the fresh samples above, except that brefeldin A (1 g/ml; BD Pharmingen) was used instead of monensin, and a HBV peptide pool consisting of 15 mer overlapping by 11 was used (final concentration for each peptide, 2 g/ml). Primary immunization for HIV. These previously frozen samples were processed as described above using brefeldin A and stimulated with a peptide pool to envelope clade A (15 mer overlapping by 11). HBV infection. These samples were previously frozen and were processed as the frozen samples above, using brefeldin A and the HBV surface Ag 15-mer peptide pool. An additional stimulation was included using a peptide pool to the HBV core protein (15 mer overlapping by 11). HIV-1 infection. These previously frozen samples were processed as described above using brefeldin A and stimulated with a peptide pool to gag clade B (15 mer overlapping by 11).
Flow cytometric analysis
After stimulation, cells for each stimulation condition were harvested and pooled. Cells were surface-stained for CD4 and CD8. The phenotyping panels included surface staining for CD11a, CD62L, and CD45RA. In addition, during this staining, ethidium monoazide (EMA; 1 g/ml; Molecular Probes, Eugene, OR) was included to label dead cells (8) , and CD14 and CD163, detected in the same channel as EMA, were included to label and exclude monocytes. Cells were stained for 10 min at room temperature in the dark, then placed under an intense fluorescent light source for 10 min to photolink the EMA. After washing, fixation, and permeabilization (Cytofix/Cytoperm kit; BD Pharmingen), cells were stained intracellularly for cytokines and CD3 (which detects both intracellular and surface CD3).
All mAb reagents, either purified or preconjugated, except for Texas Red-PE (TRPE) CD3, were obtained from BD Pharmingen. TRPE CD3 was obtained from Immunotech/Beckman Coulter (Marseille, France). Abs that were not obtained preconjugated were conjugated in our laboratory using standard protocols (Ref. 8 and http://drmr.com/abcon/index.html). All reagents manufactured in our laboratory were validated by titration and comparison to commercial conjugates of the same clone.
The fluorescent dyes used in each staining combination include the following: Cascade Blue, Alexa 430 (Ax430), FITC, PE, TRPE, Cy5PE, Cy5.5PE, Cy7PE, Ax594, allophycocyanin, Cy5.5-allophycocyanin, Ax680, and Cy7-allophycocyanin. PE and allophycocyanin were obtained from ProZyme (San Leandro, CA). Cy5, Cy5.5, and Cy7 were obtained from Amersham Biosciences (Pittsburgh, PA). The Alexa dyes were obtained from Molecular Probes. Table I lists the staining combinations. Stain 1 was used for the fresh HBV and tetanus samples. Stain 2 was used for the frozen samples for HBV subject 1. Stain 3 was used for the frozen samples for HBV subject 7. Stain 4 or stain 5 was used for all remaining samples. 
Statistical analysis
For each stimulation condition, the percentages of either CD4 or CD8 cells staining for each combination of cytokines were determined. Data for stimulation with anti-CD28/anti-CD49d alone was subtracted from the percentages for the Ag-specific stimulations. Data were analyzed using JMP software (version 5; SAS Institute, Cary, NC).
Results
After secondary immunization to HBV or tetanus, the Ag-specific cells have a typical effector/memory phenotype
At the beginning of this study, subjects who had been previously immunized received booster immunizations for either HBV (n ϭ 3) or tetanus (n ϭ 6). Blood samples were collected twice weekly for the next 3 mo, and PBMC were cryopreserved. In addition, fresh PBMC were analyzed at 0, 3, and 12 wk for most subjects.
To identify Ag-specific T cells, the fresh or viably cryopreserved PBMC were stimulated in vitro for 6 h, either with a pool of HBV surface Ag peptides or with whole tetanus toxoid, in the presence of Abs to CD28 and CD49d for costimulation and monensin to inhibit cytokine secretion. The cells were then surfacestained for several lineage and differentiation markers, stained intracellularly for the cytokines IFN-␥ and IL-2, and analyzed by flow cytometry. Fig. 1 shows data at the 3 wk point for two subjects immunized for HBV.
The Ag-specific cells have a typical (and fairly homogeneous) effector/memory phenotype. The cells express high levels of CD11a; most do not express CD45RA. Note, however, that the IL-2 response for subject 1 includes cells that express CD45RA. These cells are potentially newly recruited naive cells because the CD45RA ϩ IL-2 ϩ cells express lower levels of CD11a (data not shown). The tetanus-specific cells in the subjects immunized to tetanus show a memory phenotype similar to the majority of the HBV-specific CD4 T cells (data not shown).
Ag-specific cells produce IFN-␥, IL-2, or both after secondary immunization against HBV or tetanus
Examination of two cytokines simultaneously identifies cells producing each cytokine individually, cells producing both cytokines, and cells not producing either cytokine. At the 3 wk point after immunization, we observed cells making IFN-␥ or IL-2 individually or in combination in response to the respective in vitro stimulations (Fig. 2) . In comparison, the PBMC samples treated with costimulation alone had few, if any, cytokine-producing cells. As another specificity control, PBMC from subjects boosted for tetanus were stimulated in vitro with the HBV surface Ag peptide pool. These subjects had never been immunized for HBV and show little staining for IFN-␥ or IL-2. 
Many responding cells make only IL-2, but not IFN-␥
The cytokine profiles in Fig. 2 demonstrate that cells producing only IL-2 are a large proportion of the Ag-specific response. In fact, although IFN-␥ is thought of as the prototypical effector cytokine, the dominant CD4 T cell response for HBV was to produce IL-2 without IFN-␥. This is more clearly shown in Fig. 2C , where the proportion of the response due to each cytokine is plotted. Cells producing only IL-2 also represent a large proportion of the response to tetanus. The median values for the four subjects boosted for tetanus are plotted in Fig. 2C .
Because the Ag-specific stimulations include costimulation with anti-CD28/anti-CD49d, to quantify the responses, the frequency of cells responding to costimulation alone was subtracted from the frequency of cells responding to Ag. In general, the response to costimulation alone was low. For the overall CD4 T cell response, including either IFN-␥ or IL-2, the median response was 0.01% (interquartile range, 0.006 -0.05%; n ϭ 19).
Using the cyropreserved samples (collected twice weekly after immunization), we were able to determine the kinetics of the dominant cytokine response to HBV. In subject 1, there was a detectable CD4 T cell response as early as 1 wk after immunization, and this response declined over time (Fig. 3) , with an approximate half-life of 6 -8 wk.
Simultaneous examination of five cytokines reveals complex cytokine profiles
Given our observation that IL-2 was dominant to IFN-␥ for both HBV and tetanus responses, we wondered whether there were more Ag-specific T cells in these individuals that produce neither ϩ CD4 ϩ T cells are shown after gating for EMA Ϫ (live), scatter-gated lymphocytes. Subjects 1, 2, and 7 were immunized to HBV (A), and subjects 3-6 were immunized to tetanus (B). For each part of the figure, data after Ag-specific stimulation (including costimulation) are shown in the upper panels, and data for costimulation alone (background) are shown in the lower panels. The percentage of CD4 T cells producing each or both of the cytokines is shown. Percentages Ͻ0.001 are not shown. The four panels in the upper right show data for the four subjects boosted for tetanus and stimulated in vitro with the HBV peptide pool. These subjects had not been previously immunized for HBV. SEB-stimulated cells for subject 7 (gated on CD4) are shown to the right of the panels in B. C, Data are shown as pie graphs, indicating the proportion of the responding CD4 T cells at wk 3 that produce only IL-2 (dark gray), IFN-␥ (white), or both (light gray). The two plots on the left are for two of the subjects immunized to HBV. The plot on the right shows the median proportions for four subjects immunized to tetanus. The percentage for costimulation alone was subtracted from the percentage for Ag-specific stimulation.
IL-2 nor IFN-␥. Thus, we developed panels to simultaneously and independently quantify the responses to IL-2, IL-4, IFN-␥, TNF-␣, and MIP-1␤, produced by either CD4 or CD8 T cells.
As shown in Fig. 4 , subject 7, who was boosted for HBV, had detectable IL-2 and MIP-1␤ responses in both CD4 and CD8 T cells. In addition, there was a small IL-4 response among CD4 T cells. Compared with subject 1, the response had a slower onset, reaching a peak by wk 2, and had a shorter half-life of Ͻ4 wk.
The five cytokines were quantified simultaneously; therefore, we were able to determine the extent of coexpression, or coordinate regulation, of the five cytokines. As shown in Fig. 4 , there were six dominant patterns of cytokine expression at the 3 wk (maximal) time point for CD4 T cells. By far, MIP-1␤ represented the most common response (in this subject; see below), and this response overlapped somewhat with that of IL-2. Together, IL-2 and MIP-1␤ made up nearly 90% of the responding population. This is shown in Fig. 4B , where the proportion of the response due to each cytokine is plotted.
Surprisingly, we detected a significant HBV response among CD8 T cells in this individual at all time points tested; the frequency of this response rose and declined with similar kinetics as the CD4 T cell response. The cytokine profile for the CD8 T cells (Fig. 4) was also dominated by MIP-1␤ and IL-2. This expression pattern was not significantly different from the other time points (not shown), but was significantly different from that obtained with SEB, a nonspecific mitogenic stimulation ( Fig. 4B ; see below for a discussion of intra-and interindividual variability for SEB responses).
Indeed, the CD4 and CD8 Ag-specific T cell responses were a significantly skewed subset of the overall potential repertoire revealed by SEB. This indicates that the Ag response is selected from (or directed to) a specific profile of cytokine responses in both the CD4 and CD8 compartments. The specific profile selected during immunization or natural infection may be an important correlate to predict protection or progression.
CD4 T cell response to primary immunization for HBV
The data in Fig. 4 illustrate the secondary (memory) response to HBV immunization from a long-lived resting memory population; we wanted to determine whether this was different than an early response after primary immunization. We analyzed three subjects shortly after completing the primary immunization series for HBV. Fig. 5 shows the CD4 response at 2 wk after the 6 mo HBV immunization for freshly isolated PBMC. CD8 responses were not detected. Similar to the responses to booster immunization for HBV, the majority of responding cells produce IL-2. Some of these cells coproduce TNF-␣ or IL-4. Simultaneous staining with multiple cytokines identifies previously unknown functional subpopulations, e.g., IL-4-producing cells that also produce IL-2 and TNF-␣. Unlike the subject in Fig. 4 , HBV-specific T cells producing MIP-1␤ were not detected.
CD4 responses for this subject and for two other subjects are summarized in Fig. 6 . In this figure, each cytokine profile is listed along the abscissa, and the percentage of the CD4 cells with each cytokine profile is plotted on the ordinate. As an alternate means of viewing the data, the graphs to the right in the figure show the percentage of the responding CD4 cells that are making each cytokine alone or in combination with other cytokines. Note that unlike the cytokine profile display on the left, in this data format a cell can be included in more than one column if it makes more than one cytokine (this would be the form of the data were cytokine responses measured one at a time, in separate tubes).
For comparison with the Ag-specific responses, CD4 and CD8 responses to polyclonal stimulation with the SEB superantigen in healthy HIV-uninfected individuals are shown at the top of Fig. 6 . Although there is variability between individuals in the exact frequency of each subset, there are certain cytokine profiles that are consistently represented at higher frequencies in most individuals. When PBMC from the same individual drawn at different times are analyzed, the variability is low. When we analyzed samples from repeated draws for several individuals, the variability for the significant responses (Ͼ0.1%) was, on the average, 17% (data not shown).
T cell responses to chronic HBV infection differ from the responses to immunization
For comparison with the responses to immunization, we analyzed 11 subjects chronically infected with HBV. T cell responses were detected in three of these subjects, and the cytokine profiles for these subjects are shown in Fig. 6 . For one of these subjects (shown in red), the CD4 response was dominant, and it differed from the responses to immunization because of the larger number of cells producing IFN-␥ and/or MIP-1␤. Although one subject boosted for HBV (Fig. 4) produced MIP-1␤ in response to immunization, the particular cytokine profiles in this individual differ from those seen in infection. Except for the subject in Fig. 4 , CD8 responses were not seen after immunization for HBV. CD8 responses were observed for HBV infection. The particular CD8 cytokine profiles differed between individuals. One subject had a dominant IFN-␥/TNF-␣/MIP-1␤ response. For two other subjects, the dominant response was MIP-1␤ only.
T cell responses to HIV DNA vaccination and HIV-1 infection
Immunizations for HBV surface Ag and tetanus are both protein immunizations using alum as the adjuvant. We determined whether the patterns of immune responses (particularly the differences between vaccination and natural infection) were selective to the use of this adjuvant or are representative of a more general occurrence. We thus compared T cell cytokine profiles in response to HIV Ags after either unadjuvanted DNA immunization or to natural infection. The HIV-1 candidate vaccine consists of DNA encoding clade B gag, pol, and nef and clades A, B, and C envelope. HIV-uninfected subjects were immunized at 0, 1, and 2 mo and T cell responses to clade A envelope were determined at several time points after the second and third immunizations. figure. Only the gates or quadrants that include responding cells are shown. The cytokine profiles for the most frequent responses are labeled in the third row of FACS plots. These labels are listed in the order of the cytokines as indicated on the far right of this row of plots. The graphs below the FACS plots show the percentages of CD4 or CD8 T cells for each of these subsets for each of the weekly time points in the study. The labels are color-coded to match the example of the subset from the wk 3 point shown in the FACS plots. The percentages of CD4 or CD8 T cells producing the indicated cytokines in response to anti-CD28/anti-CD49d costimulation alone have been subtracted from each time point. B, Cells producing multiple cytokines alone or in combination are represented in the secondary immune response to HBV. Data are shown in a pie graph indicating the proportions of the HBV-responding CD4 or CD8 T cells that produce the indicated cytokines at the wk 3 point for the frozen PBMC sample for subject 7 (left plots). The plots on the right show the median proportions of the responding CD4 or CD8 T cells that produce the indicated cytokines after stimulation with SEB for eight healthy adults. Each segment of the pie graph represents a unique combination of cytokines; the color-coded arcs around the edges indicate those segments that include the indicated cytokine. The color key for these arcs is at the far right. For the Ag-specific responses, the cytokine pattern was much more restricted (fewer combinations of cytokines) than for the mitogenic stimulus SEB.
After vaccination, cells producing multiple combinations of cytokines were observed (Fig. 6) . As for HBV immunization, CD4 cells producing IL-2 alone or in combination with TNF-␣ were detected. Cells producing IFN-␥ were observed in combination with IL-2/TNF-␣ and with IL-2/TNF-␣/MIP-1␤. For CD8 T cell responses, IFN-␥ with TNF-␣ or IFN-␥ with TNF-␣/MIP-1␤ were most commonly detected.
It is important to note that the highest background responses (non-Ag-specific responses detected in the costimulation-only wells) were observed for CD4 T cells making solely TNF-␣ and for CD8 T cells making solely MIP-1␤. The higher background for these two responses rendered the quantification less sensitive. Nonetheless, the power of multicytokine measurement was highlighted by this same phenomenon; because the background was restricted (in CD4 T cells) to TNF-␣ only, the other combinations that included TNF-␣ (for example, TNF-␣ and IL-2) still had very low background and thus could be quantified with high sensitivity. The use of TNF-␣ by itself would not allow this additional sensitivity, because the background from the TNF-␣-only producing cells would contaminate the total TNF-␣ quantification.
For the small number of HIV-infected individuals we examined, the CD4 responses differed dramatically from the responses to vaccination; infection was accompanied by a much lower proportion of IL-2-producing cells. This difference was most evident in the lower right graph for CD4 T cells in Fig. 6A , which illustrates the percentage of the total responding CD4 cells making any given cytokine (alone or in combination with other cytokines). In contrast, the cytokine profiles of CD8 cells are more similar to the profiles induced by vaccination.
Discussion
We demonstrate in this study for the first time the simultaneous analysis of five cytokines at the single-cell level for Ag-specific T cells. Our results show that T cells are capable of expressing diverse cytokine profiles, and thereby demonstrate that classifying T cells into a small number of cytokine-based functional subsets is probably inadequate to characterize immune responses.
The measurement of five cytokines can potentially identify 32 cytokine profiles for each of CD4 or CD8 T cells. Although each of these profiles is not equally represented, the number of profiles observed in any individual is diverse. For the same individual measured at different time points, the variability for responses to SEB (in terms of each cytokine profile's representation among stimulated cells) is relatively small (average of 17%), demonstrating the reproducibility of this novel multicytokine assay (data not shown). The total potential cytokine repertoire and the pattern of those cytokine combinations represented at the highest frequencies, revealed by polyclonal stimulation with the superantigen SEB is remarkably consistent between individuals. In contrast, the particular cytokine profiles observed in response to immunization or infection are drawn from this potential repertoire and are comparatively skewed. Furthermore, the pattern of cytokine profiles differ based on the immunogen (and possibly adjuvant) or the infectious agent. Although responses among different individuals to a particular immunization or infection share characteristic features, there can be substantial differences from person to person. These results demonstrate that no single functional parameter adequately quantifies responses, and in fact, due to interindividual variability, limited combinations of functional parameters will not be adequate for all individuals. Therefore, optimal measurements of immunogenicity of a vaccine or of immune responses to pathogenesis will require the measurement of multiple distinct functional outcomes.
The methods introduced in this report provide a novel means for monitoring vaccine-induced immunogenicity and for monitoring T cell responses to infection. In terms of vaccine development, a method for the identification of those T cell responses induced by candidate vaccines that correlate with efficacy will help target the appropriate vaccines for further clinical testing. The numbers of individuals in this study are too small to draw statistically significant conclusions; however, our observations, demonstrating differences and similarities in the cytokine profiles induced by different vaccines and infections, provide pilot data for further study.
IL-2 was a dominant response for the HBV and tetanus immunizations. A study examining memory T cell responses in mice provides a potential explanation for the dominance of these cells (9) . In this study, two types of Th1 cells were examined, those that do or do not produce IFN-␥; both cell types produced IL-2. The IFN-␥-producing Th1 cells were found to be short-lived in vitro and in vivo. In contrast, only the Th1 cells that did not produce IFN-␥ efficiently developed into long term memory cells. The fact that it is the IFN-␥ Ϫ (yet IL-2 ϩ ) Th1 cells that develop into memory cells may explain the dominance of IL-2-producing cells we found in the secondary immune responses to HBV and tetanus and underscores the importance of measuring both cytokines in evaluating immune responses.
It is interesting to note that one HBV-immunized individual who had the significant MIP-1␤ dominance, also had a large CD8 response (Ͼ1%); the kinetics of this CD8 response after immunization was nearly identical with those of the CD4 response. Traditional Ag processing pathways should not be able to induce a CD8 response from soluble protein. Therefore, this represents an in vivo example of crosspresentation (10, 11) . It is tempting to hypothesize that the MIP-1␤ dominance observed in the CD4 T cells may play a role in enhancing cross-presentation. MIP-1␤, a CC chemokine, is chemotactic for several types of immune cells, including monocytes, macrophages, dendritic cells, and both T and B cells (12) . MIP-1␤ might also serve to initiate a cytokine cascade that eventually recruits and rapidly differentiates monocytes into dendritic cells (13) to broaden the localized immune response. Because dendritic cells may be especially well suited for cross-presentation, there may be an association between the MIP-1␤ dominance in this subject and the large CD8 response.
This detailed analysis of functional responses to infection should also provide new insights into disease pathogenesis. Although the sample size was limited, we demonstrate that natural infection with HBV or HIV induced some cytokine profiles that overlapped with the vaccine-induced profiles as well as some unique profiles. HBV and HIV both induced CD4 and CD8 responses. For HIV, the CD4 response induced by infection included many fewer IL-2-producing cells compared with the vaccine-induced response. For all responses, there was variability between individuals; this variability introduces a novel set of parameters that can be considered for evaluation as correlates of vaccine protection, disease progression, or therapeutic efficacy.
In summary, we found that in the human, T cell responses to immunization are broad and complex, encompassing a far wider spectrum than can be measured solely by the production of a single cytokine. It is evident that sensitive quantification of immune responses requires the coordinate measurement of more than a single response, and that IFN-␥ is a subdominant effector response in many immunizations. We propose that both the quantification as well as the pattern of the cytokine spectrum generated after immunization will become an important element of the iterative process of developing effective vaccine strategies. For HBV vaccination, three subjects were examined 2 wk after receiving the 6 mo immunization in the primary immunization series (in vitro stimulation with surface Ag peptide pool). For HBV infection, data for three subjects chronically infected with HBV are shown (in vitro stimulation with surface Ag peptide pool for red and green subjects, with core protein peptide pool for blue subject; the red and blue subjects are coinfected with HIV). For HIV vaccination, data are shown for four subjects who received a candidate HIV DNA vaccine (in vitro stimulation with clade A envelope peptide pool). For each individual receiving the DNA vaccine, two to four time points between 6 and 12 wk are averaged. For HIV infection, data for five subjects chronically infected with HIV are shown (in vitro stimulation with gag peptide pool). For CD4 or CD8, the plots on the right show the percentage of the total responding CD4 or CD8 cells that make any individual cytokine (alone or in combination with other cytokines). The gray box highlights the range, and the black horizontal line indicates the median. For each type of immunization or infection, different individuals are shown in different colors. The responses to SEB for several HIV-uninfected individuals are shown in the plots at the top (for CD4, n ϭ 9; for CD8, n ϭ 8). For these plots, the red boxes show the interquartile range.
